Cerebral white matter lesions on magnetic resonance imaging (MRI) are considered to be the result of brain ischemic injury and a risk factor for clinical stroke. The purpose of this study was to elucidate the relationship between the cardiac diastolic function and cerebral white matter lesions in elderly patients with risk factors for atherosclerosis. The study subjects were 55 patients (75 ± 7 years) with risk factors for atherosclerosis including hypertension, diabetes mellitus, and dyslipidemia. Patients with symptomatic cerebrovascular events were excluded from the study. Cerebral white matter lesions, which were defined as exhibiting high intensity regions on brain MRI, were evaluated with the degrees of periventricular hyperintensity (PVH) according to the Japanese Brain Dock Guidelines of 2003. Peak early diastolic mitral annular velocity (E′ velocity) was measured by tissue Doppler echocardiography, and was used as a parameter of cardiac diastolic function. The mean value of E′ velocity was decreased due to the cardiac diastolic dysfunction (5.2 ± 1.4 cm/s). In addition, the E′ velocity was inversely correlated with the degree of PVH (ρ = −0.701, p < 0.001). Stepwise regression analysis showed that the decrease in the E′ velocity (β coefficient = −0.42, p < 0.001) and the presence of hypertension (β coefficient = 0.31, p = 0.001) were independent determinants of the degree of PVH. Thus, cardiac diastolic dysfunction is correlated to the severity of cerebral white matter lesions, suggesting the cardio-cerebral connection in elderly patients with risk factors for atherosclerosis.
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It is well known that left ventricular (LV) hypertrophy detected via an increase in left ventricular mass predicts an increased risk of cardiovascular disease in patients with essential hypertension (Verdecchia et al. 1998) . Analysis of the results of a prospective follow-up study of Caucasian adult patients with untreated essential hypertension revealed that LV diastolic dysfunction detected via a decreased transmitral early-tolate flow velocity ratio (E/A ratio) predicted an increased risk of cardiovascular events (Schillaci et al. 2002) . Traditionally, LV diastolic function
METHODS

Subjects and protocol
The study subjects were 55 consecutive elderly patients ≥ 65 years of age (mean age: 75 ± 7 years) who were diagnosed as having risk factors for atherosclerosis at Kagawa University Hospital between April 2007 and the end of March 2008. Risk factors for atherosclerosis include hypertension, diabetes mellitus, and dyslipidemia, which were diagnosed according to the guidelines of the Japanese Society of Hypertension, the Japan Diabetes Society and the Japan Atherosclerosis Society, respectively. Hypertension was defined as systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure of ≥ 90 mmHg. None of the subjects had a history of any atherosclerotic cardiovascular diseases or stroke. Echocardiographic examinations were performed to assess cardiac structural changes and cardiac function. All subjects agreed to undergo an MRI study of the brain to assess asymptomatic cerebrovascular damage. Relationships among clinical characteristics, including blood pressure and laboratory data, echocardiographic parameters, and MRI findings were analyzed. This protocol was approved by the Ethics Committee of Kagawa University. Informed consent was obtained from all participants.
Blood sampling
Blood sampling was performed in the morning after a 12-hour overnight fast. Plasma total cholesterol, triglyceride, high-density lipoprotein cholesterol (HDL-C), and HbA1c were measured by standard laboratory techniques. The plasma B-type natriuretic peptide (BNP) level was measured using the Determiner BNP Test TM by enzyme immunoassay (Kyowa Medex Co., Ltd., Tokyo, Japan).
Echocardiographic examination
Two-dimensional and M-mode echocardiography were performed using the Vivid Seven System (GE; Horten, Norway). We first measured the following left ventricular structural parameters by M-mode echocardiography: ventricular septal thickness (VS) at the chordae tendineae level; left ventricular end-diastolic dimension (LVDd) and left ventricular end-systolic dimension (LVDs) at the chordae tendineae level; and left ventricular posterior wall (PW) thickness at the chordae tendineae level. The left ventricular mass was calculated according to the American Society of Echocardiography has been evaluated by means of LV inflow velocity, which is determined by Doppler echocardiography (Appleton et al. 2000; Watanabe et al. 2005) . However, this methodology has a major limitation in that left ventricular diastolic function is influenced by many factors such as LV preload and heart rate (Appleton et al. 2000; Poerner et al. 2003) . Recently, a new approach to evaluating LV diastolic function using tissue Doppler echocardiography (TDE) has been used in hypertensive and diabetic patients with subclinical LV dysfunction, as the parameters derived from TDE are sensitive and independent of LV preload (Yasuoka et al. 1999; Fang et al. 2003; Kosmala et al. 2004; Masugata et al. 2008) .
On the other hand, magnetic resonance imaging (MRI) studies can assess symptomatic cerebral white matter lesions. It is now established that cerebral white matter lesions are associated with a high risk of stroke (Miyao et al. 1992; van Swieten et al. 1992) . Numerous studies have demonstrated that age and hypertension are highly and independently correlated with white matter lesions, i.e., with periventricular hyperintensity (PVH) and deep and subcortical white matter hyperintensity (DSWMH) (Boon et al. 1994; Davis et al. 1996; Kobayashi et al. 1997) . Kurata et al. (2005) demonstrated that asymptomatic cerebral white matter lesions were related to carotid structure and hemodynamics, which have been demonstrated to be associated with the subsequent occurrence of stroke (Chambless et al. 2000; Hollander et al. 2002) . However, there are few studies (Lindgren et al. 1994; Sierra et al. 2002) regarding the relationship between cerebral white matter lesions and LV structure. Although Sierra et al. (2002) demonstrated a close association between cerebral white matter lesions and concentric LV hypertrophy in middle-aged hypertensive patients, the relationship between cerebral white matter lesions and LV diastolic function has not been studied. The purpose of this study was to examine the relationship between LV diastolic function as assessed by TDE and cerebral white matter lesions in elderly patients with risk factors for atherosclerosis.
convention (Devereux et al. 1987) (Teichholz et al. 1976 ) and was used as the parameter of left ventricular systolic function. We next measured the parameters of LV diastolic function by recording the conventional transmitral flow velocity using pulsed Doppler echocardiography (Appleton et al. 2000; Watanabe et al. 2005 ). The conventional transmitral flow velocity was recorded from the apical transducer position with the sample volume situated between the mitral leaflet tips. The peak velocity of early transmitral flow velocity (E velocity) and the peak velocity of late transmitral flow velocity (A velocity) were recorded, and the ratio of E to A (E/A ratio) was calculated. In addition, we measured the Tei index, which reflects both the left ventricular systolic and diastolic functions (Tei et al. 1995) . Details of the method for measuring the Tei index have been previously published (Tei et al. 1996) . The Tei index, defined as the sum of isovolumic contraction time and isovolumic relaxation time divided by ejection time, was obtained from Doppler recordings of LV inflow and outflow. The Tei index is derived as (a-b) / b, where 'a' is the interval between cessation and onset of mitral inflow, and 'b' is the ejection time of LV outflow.
Furthermore, pulsed wave tissue Doppler echocardiography (TDE) was performed by activating the TDE function in the same machine. Mitral annular velocities Fig. 1 . Schematic model explaining the classifications of PVH and DSWMH proposed by Shinohara et al. (2007) . PVH, periventricular hyperintensity; DSWMH, deep and subcortical white matter hyperintensity (cited from the Japanese brain-dock Guidelines 2003 with permission). PVH was classified as follows: 0, absent or only a "rim" (arrows); 1, limited lesion-like "caps" (arrows); 2, irregular "halo" (arrows); 3, irregular margins and extension into the deep white matter (arrows); and 4, extension into the deep white matter and the subcortical portion (arrows). DSWMH was classified as follows: 0, absent; 1, ≤ 3 mm, small foci and regular margins (arrows); 2, ≥ 3 mm, large foci (arrows); 3, diffusely confluent (arrows); and 4, extensive changes in the white matter (arrows).
were recorded from the apical window. Sample volumes were located at the septal and lateral sites of the mitral annulus. Peak early (E′) and late (A′) diastolic mitral annular velocities and the ratio of early to late peak velocities (E′/A′) were measured over 3 cardiac cycles and the results were averaged (Nikitin et al. 2004 ). In addition, E′, A′, and E′/A′ from the septal and lateral sites were averaged, and the ratio of E velocity to E′ velocity (E/E′) was calculated.
Assessment of cerebral white matter lesions by MRI
MRI was performed in all patients with a superconducting magnet having a main field strength of 1.5 T in order to evaluate the asymptomatic cerebrovascular damage. The MRI findings were classified in terms of PVH and DSWMH according to the Japanese brain-dock Guidelines 2003 (Hashi et al. 2003 ). The schematic model explaining the classifications of PVH and DSWMH proposed by Shinohara et al. (2007) is illustrated in Fig. 1 .
PVH and DSWMH were defined as exhibiting highintensity lesions as determined by T 2 -weighted and proton density images or by fluid-attenuated inversion recovery (FLAIR) (Fazekas et al. 1987; Uehara et al. 1999) , and low-intensity lesions as determined by T 1 -weighted images. PVH exhibits white matter hyperintensities in contact with the ventricular wall. PVH was further classified as follows: 0, absent or only a "rim"; 1, limited lesion-like "caps"; 2, irregular "halo"; 3, irregular margins and extension into the deep white matter; and 4, extension into the deep white matter and the subcortical portion.
DSWMH indicates white matter hyperintensities that are separated from the ventricular wall by a strip of normal-appearing white matter; these white matter hyperintensities were situated in the deep white matter and were sparsely present in the subcortical U-fiber region. DSWMH was further classified as follows: 0, absent; 1, ≤ 3 mm, small foci and regular margins; 2, ≥ 3 mm, large foci; 3, diffusely confluent; and 4, extensive changes in the white matter. One of the present authors (A.Y.) interpreted all of the MRI in a manner blinded with respect to the clinical status of the subjects.
Statistical analysis
Data are expressed as means ± S.D. Statistical analysis was performed using the SPSS software package (Chicago, IL, USA). Spearman's rank correlation coefficient was used to test the association. Variables derived from the echocardiographic examinations were compared BMI, body mass index; HT, hypertension; DM, diabetes mellitus; DL, dyslipidemia; HR, heart rate; BP, blood pressure; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; Hb, glycated hemoglobin; BNP, plasma B-type natriuretic peptide. between groups of various PVH and DSWMH grades using one-way analysis of variance and post-hoc Bonferroni analysis. Stepwise multiple regression analysis was used to evaluate the independent parameters for PVH and DSWMH. Values of p < 0.05 were considered to indicate statistical significance.
RESULTS
Patient characteristics
The clinical characteristics of all participants are summarized in Table 1 . Their MRI grades and echocardiographic characteristics are summarized in Table 2 . The mean value of E′ velocity was decreased due to the cardiac diastolic dysfunction 9.2 ± 1.9 E′/A′ 0.58 ± 0.17 E/E′ 9.9 ± 3.4 PVH, periventricular hyperintensity; DSWMH, deep and subcortical white matter hyperintensity; VS, ventricular septal thickness; PW, posterior wall thickness; LVDs, left ventricular end-systolic dimension; LVDd, left ventricular end-diastolic dimension; LVMI, left ventricular mass index; LVEF, left ventricular ejection fraction; E, peak early diastolic transmitral flow; A, peak late diastolic transmitral flow; E/A, the ratio of E to A; E′, peak early diastolic mitral annular velocity; A′, peak late diastolic mitral annular velocity; E′/A′, the ratio of E′ to A′; E/E′, the ratio of E to E′. 
Rank correlation coefficients between clinical characteristics and MRI findings
The relationships between each clinical characteristic and PVH and DSWMH are summarized in Table 3 . Age was associated with PVH (ρ = 0.391, p < 0.05). Hypertension was associated with PVH and DSWMH (ρ = 0.420 and 0.414, respectively) ( p < 0.01). Systolic blood pressure was correlated with PVH and DSWMH (ρ = 0.378 and 0.451, respectively) ( p < 0.01). Diastolic blood pressure was correlated with PVH and DSWMH (ρ = 0.441 and 0.271, at p < 0.01 and < 0.05, respectively). Total cholesterol was correlated with DSWMH (ρ = 0.327, p < 0.05). BNP was correlated with PVH and DSWMH (ρ = 0.673 and 0.583, respectively) ( p < 0.001).
Rank correlation coefficients between echocardiographic parameters and MRI findings
The relationships between echocardiographic parameters and PVH and DSWMH are summarized in Table 4 . The LVDs and LVDd were inversely correlated with PVH (ρ = −0.276 and −0350, at p < 0.05 and < 0.01, respectively). The E velocity and E/A were inversely correlated with PVH (ρ = −0.338 and −0.483, at p < 0.05 and < 0.001, respectively). The Tei index was correlated with PVH (ρ = 0.573, p < 0.001). The E′ velocity was inversely correlated with PVH and DSWMH (ρ = −0.701 and −532) ( p < 0.001) (Fig.  3) . The E′/A′ was inversely correlated with PVH and DSWMH (ρ = −0.505 and −281, at p < 0.001 and < 0.05, respectively). The E/E′ was correlated with DSWMH (ρ = 0.425, p < 0.01).
Stepwise multiple regression analysis of MRI grades and clinical and echocardiographic parameters
Determinant factors for PVH and DSWMH were analyzed by a stepwise multiple regression analysis using the clinical and echocardiographic parameters listed in Tables 1 and 2 . E′ velocity, Tei index, and hypertension were independently correlated with PVH (β coefficient = −0.42, 0.36, and 0.31; p < 0.001, = 0.001, and = 0.001, respectively) ( Table 5 ). The decreased E′ velocity and hypertension were independently associated with DSWMH (β coefficient = −0.42 and 0.31; p = 0.001 and = 0.012, respectively) ( Table 6) .
DISCUSSION
This study presents data regarding the correlations between echocardiographic findings and cerebral white matter lesions as assessed by MRI in elderly subjects ≥ 65 years of age. The most striking result in our analysis was that peak early diastolic mitral annular velocity (E′ velocity), as the parameter presenting left ventricular (LV) diastolic function, decreased with advancing degrees of PVH and DSWMH, which represented the severity of cerebral white matter lesions. The data provide, to the best of our knowledge, the first demonstration of the existence of close association between LV diastolic dysfunction and the severity of cerebral white matter lesions in elderly patients with risk factors for atherosclerosis.
Similar to previous studies (Boon et al. 1994; Davis et al. 1996; Kobayashi et al. 1997) , the present study also demonstrated that the presence of hypertension was a significant independent determinant of the severity of cerebral white matter lesions. However, the results of the present study were different from those of the previous LVDs, left ventricular end-systolic dimension; LV D d , l e f t v e n t r i c u l a r e n d -d i a s t o l i c dimension; LVMI, left ventricular mass index; LVEF, left ventricular ejection fraction; E, peak early diastolic transmitral flow; A, peak late diastolic transmitral flow; E/A, the ratio of E to A; E′, peak early diastolic mitral annular velocity; A′, peak late diastolic mitral annular velocity; E′/A′, the ratio of E′ to A′; E/E′, the ratio of E to E′. PVH, periventricular hyperintensity; DSWMH, deep and subcortical white matter hyperintensity; BMI, body mass index; HT, hypertension; DM, diabetes mellitus; DL, dyslipidemia; HR, heart rate; BP, blood p r e s s u r e ; T C , t o t a l c h o l e s t e r o l ; T G , triglyceride; HDL-C, high-density lipoprotein cholesterol; Hb, glycated hemoglobin; BNP, plasma B-type natriuretic peptide. studies (Boon et al. 1994; Davis et al. 1996; Kobayashi et al. 1997) in that age was not selected as a factor independently related to cerebral white matter lesions. This finding may be attributed to the fact that the present study analyzed considerably elderly patients ≥ 65 years of age.
However, the data in the present study may be useful for preventing the progression of cerebral white matter lesions by indicating factors such as hypertension and LV diastolic dysfunction that can be controlled by medical therapy.
The pathogenesis of cerebral white matter Fig. 3 . The associations between PVH and DSWMH grades and E′ velocity. E′, peak early diastolic mitral annular velocity; PVH, periventricular hyperintensity; DSWMH, deep and subcortical white matter hyperintensity. The E′ velocity was inversely associated with PVH and DSWMH (ρ = −0.701 and −532) ( p < 0.001). lesions appearing as PVH and DSWMH on MRI is sometimes described as "leukoaraiosis," and it has been reported that these features are the result of ischemic injury to the brain (Ginsberg et al. 1976 ). Our results suggest that hypertension and LV diastolic dysfunction detected via a decrease in E′ velocity are related to the severity of cerebral ischemic injury. Because cerebral white matter lesions are generally considered to be associated with a high risk of stroke (Miyao et al. 1992; van Swieten et al. 1992) , our data also agree with the results of the PIUMA study (Schillaci et al. 2002) , which showed that LV diastolic dysfunction predicted an increased risk of cardiovascular events. On the other hand, our data did not agree with the results of the Framingham Heart Study (Verdecchia et al. 1998) , which demonstrated that LV hypertrophy was a risk for cardiovascular events. Our data showed that LV hypertrophy as assessed by LVMI was not associated with the degree of cerebral white matter lesions, which was a high risk of stroke. This finding may be attributed to the small study population in the present study. Further study is needed to clarify the relationship between LV hypertrophy and asymptomatic cerebral white matter lesions. However, our data may suggest that LV diastolic function is more sensitive than LV hypertrophy for detecting cerebral ischemic injury expressed by white matter lesions of the brain.
The data in the present study also demonstrate that E′ velocity, which is obtained by tissue Doppler echocardiography, is superior to E/A, which is obtained by conventional Doppler echocardiography. Recently, tissue Doppler echocardiography has been used in patients with subclinical LV dysfunction, because the parameters derived from tissue Doppler echocardiography are sensitive and independent of LV preload (Fang et al. 2003; Kosmala et al. 2004; Masugata et al. 2008) . Our results also support the superiority of tissue Doppler echocardiography. Furthermore, our results suggest that E′ may be the most sensitive and reliable of the parameters derived from tissue Doppler echocardiography for detecting cerebral white matter lesions. The close correlation between echocardiographic and brain MRI findings is likely to be attributed to the coexistence of cardiac damage and cerebral damage in patients with risk factors of atherosclerosis. E′ velocity derived from tissue Doppler echocardiography may be useful for assessing the cardiocerebral continuum in elderly patients with risk factors for atherosclerosis.
In conclusion, in elderly patients with risk factors for atherosclerosis, LV diastolic dysfunction, i.e., decreased E′ velocity as assessed by tissue Doppler echocardiography, was related to the severity of asymptomatic white matter lesions such as PVH and DSWMH. LV diastolic dysfunction may be a marker of cerebral ischemic injury and may be predictive of future cerebral vascular events in elderly patients with risk factors for atherosclerosis.
